Abstract. Polarized muons with kinetic energies of a few eV (epithermal p+) can be generated by slowing down energetic muons in appropriate moderators consŸ of a thin layer of a van der Waals gas frozen on a substrate. The availability of polarized muons with kinetic energies in the eV to several keV range opens the possibility to extend the ttSR teclmique to the study of thin films and surfaces (low energy pSR, LE-p.SR). We summarize the characte¡ of the very slow polarized muons and of a low energy beam based on the moderation technique. We discuss the implantation of muons in thin film samples and the potential and limitations of LE-~tSR. As an example first results obtained by implanting slow p+ in a sample consisting of a Ni film deposited on Ag are presented.
Introduction
The txSR technique, although younger than most of the other nuclear solid state techniques, has reached in the last decade a remarkable level of maturity. This is demonstrated in the present issue by the diversity of the methods encompassed and by the wide spectrum of questions addressed by it. Nevertheless, as with all fields of science, new methods have to be continuously developed because of changing challenges in understanding the current objects of investigations. The state of the art of a method such as ~tSR which relies on accelerators and beam lines is heavily dependent on the quality and characteristics of the available muon beams. A new promising technique under development is what we will call here low energy ~tSR (LE-~tSR), i.e., the generation and use of muons with kinetic energies between a few eV anda few tens of keV for muon spin research studies.
Until now, available beams for IxSR studies have delivered polarized muons with energies in the MeV range. These energetic muons penetrate deeply into the material under investigation (typically a few 100 ~tm) and come to rest over a wide region of the sample. Therefore, they essentially probe bulk properties and no investigations asa function of the implantation depth or sample thickness are possible. Questions concerning thin films, surfaces and interfaces are generally not accessible by conventional ~tSR techniques. For this polarized muons with variable energy between ~ 10 eV and a few tens of keV are required. By varying the energy in this interval, implantation depths between typically fractions of a nm anda few hundred nm can be obtained. With the availability of such particles thin films, solid-solid, and vacuum-solid interfaces become accessible to gSR studies thus offering a new investigative tool to these growing fields and greatly extending the field of application of gSR.
In this paper we give a short overview of the present status and prospects of LE-gSR with particular emphasis on the LE-~tSR project at the Paul Scherrer Institute (PSI). We are at the beginnings of LE-gSR and the study of methodological aspects specific to LE-gSR is still predominant. The generation of slow muons, a low energetic muon beam, and the characteristics of epithermal muons are presented in Sections 2-4. The interaction of the slow muons with samples is discussed in Section 5. In Section 6 we will give an example of LE-gSR and try to realistically assess the opportunities offered by the very slow g+.
Generation of Low Energy g+ Beams
Compared to the case of other less exotic particles, for the production of low energetic ~t + one is faced with more arduous initial conditions, which are determined by the physics of the muon generation. Muons originate from decaying pions and are therefore born energetic. In the pion rest frame they have a kinetic energy of -4.1 MeV, which is the energy of the so-called surface muons (100% polarized) [1] . Pions and muons forma secondary beam (the p¡ beato consisting of the protons impinging on the production target). The phase space properties of a typical g § beam are quite poor with beam spots of several cm 2 and divergencies of -100 mrad. In principle, a very simple way to lower the energy of charged particles is to degrade them in a low Z material, but this broadens the energy spectrum. Multiple scattering further reduces the quality and the intensity of the beam to unacceptable levels. This is what is obtained by tuning a surface g+ beam to momenta much lower than 29 MeV/c (corresponding to 4.1 MeV energy); the intensity decreases with momentum as p3.5 and this method provides reasonable beams only down to several hundreds of keV of kinetic energy. In the past, various methods have been proposed to produce low energy beams with good phase space quality and small energy spread (for an overview see [2] ), but only two of them bear relevance for LE-gSR. They are based on a source of thermal or epithermal muons which are electrostatically accelerated to the desired energy.
The first technique, under development at the KEK Laboratory (Japan), uses the fact that a fraction of Ix + stopped in an appropriate material such asa hot tungsten foil are reemitted from the surface as muonium at thermal energy. These atoms are resonantly ionized by intense pulsed lasers synchronized with the muonium emission by the accelerator pulse, yielding the source of thermal muons.
